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Optical control of protein function provides excellent
spatial-temporal resolution for studying proteins
in situ. Although light-sensitive exogenous proteins
and ligands have been used to manipulate neuronal
activity, a method for optical control of neuronal pro-
teins using unnatural amino acids (Uaa) in vivo is lack-
ing. Here, we describe the genetic incorporation of a
photoreactive Uaa into the pore of an inwardly recti-
fying potassium channel Kir2.1. The Uaa occluded
the pore, rendering the channel nonconducting,
and, on brief light illumination, was released to permit
outward K+ current. Expression of this photoinduci-
ble inwardly rectifying potassium (PIRK) channel in
rat hippocampal neurons created a light-activatable
PIRK switch for suppressing neuronal firing. We
also expanded the genetic code of mammals to ex-
press PIRK channels in embryonic mouse neocortex
in vivo and demonstrated a light-activated PIRK cur-
rent in cortical neurons. These principles could be
generally expanded to other proteins expressed in
the brain to enable optical regulation.
INTRODUCTION
The ability to control protein functionwith light provides excellent
temporal and spatial resolution for precise investigation in vitro
and in vivo and, thus, is having significant impact on neurosci-
ence. For example, naturally light-sensitive opsin channels and
pumps have been exploited to excite or inhibit neurons, enabling
specific modulation of selected cells and circuits in diverse
model organisms (Bernstein and Boyden, 2011; Fenno et al.,
2011; Yizhar et al., 2011). However, since this approach relies
on the ectopic expression of an exogenous or chimera protein
requiring retinal as the chromophore, it cannot be applied to con-
trol a particular endogenous protein. Another elegant method
engineers light responsiveness into endogenous receptors and358 Neuron 80, 358–370, October 16, 2013 ª2013 Elsevier Inc.channels by chemically tethering a photoswitchable azoben-
zene-coupled ligand (Szobota and Isacoff, 2010). The ligand is
presented or withdrawn from the binding site of the protein
through the photoisomerization of the azobenzene moiety. This
approach cannot address proteins that are expressed but failed
to conjugate with the azobenzene-coupled ligand, and ligand
tethering has been limited to the extracellular side of membrane
proteins, excluding the intracellular side and intracellular
proteins.
Photoresponsive unnatural amino acids (Uaas) provide
another flexible avenue for optical control of protein activities.
Microinjection of tRNAs chemically acylated with Uaas allows
the incorporation of photocaging groups into receptors and ion
channels in Xenopus oocytes, which have revealed novel
insights on their structure and function (England et al., 1997;
Miller et al., 1998; Philipson et al., 2001). The requirement of
microinjection has mainly limited this approach to large oocytes.
Genetically encoding Uaas with orthogonal tRNA/synthetase
pairs enables the Uaa to be incorporated into proteins with
high protein yields in mammalian cells and organisms (Liu and
Schultz, 2010;Wang et al., 2001, 2006, 2009), providing potential
for studying proteins with Uaas directly in primary neurons and
mousemodels (Shen et al., 2011; Wang et al., 2007). A challenge
in the neuroscience field, however, has been the application of
Uaa technology in mammalian neurons in vitro and, ultimately,
in the mouse brain in vivo.
Here, we demonstrate the optical control of a neuronal protein
in vitro and in vivo using a genetically encoded photoreactive
Uaa. Kir2.1 is a strong inwardly rectifying potassium channel
that is crucial in regulating neuronal excitability, action potential
cessation, hormone secretion, heart rate, and salt balance
(Bichet et al., 2003). We incorporated 4,5-dimethoxy-2-nitroben-
zyl-cysteine (Cmn) into the pore of Kir2.1, generating a photoacti-
vatable inwardly rectifying potassium (which we refer to as PIRK)
channel. Light activation of PIRK channels expressed in rat hippo-
campal neurons suppressed neuronal firing. In addition, we
expressed PIRK channels in embryonic mouse neocortex,
measured light-activated PIRK current in cortical neurons, and
showed thepotential for its use inother brain regions suchasdien-
cephalon, demonstrating the successful implementation of the
Uaa technology in vivo in the mammalian brain. Genetically
Figure 1. PIRK Channel using Genetic
Incorporation of Photocaged Uaas
(A) A model illustrating photoactivation of PIRK
channels expressed on the plasma membrane.
Left: wild-type Kir2.1 channels (black) conduct K+
(in purple) current in physiological conditions.
Middle: incorporating the Uaa Cmn (in red) in the
pore of Kir2.1 channels renders the channel
nonconducting (PIRK channels). Right: UV light
exposure irreversibly removes the dimethoxyni-
trobenzyl group to allow permeation through the
Kir2.1 channel, restoring outward K+ (in purple)
current and reducing membrane excitability.
(B) Chemical pathway for photolysis of Cmn. UV
light cleaves the S–C bond, releasing the dime-
thoxynitrobenzyl group from Cys. Cys would
remain on the protein.
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(Wang and Schultz, 2004), and photocaging is compatible with
modulating various proteins (Adams and Tsien, 1993; Fehrentz
et al., 2011).We thereforeexpect that ourmethodcanbegenerally
applied to other brain proteins, enabling optical investigation of a
range of channels, receptors, and signaling proteins in the brain.
RESULTS
Construction of a PIRK Channel with Genetically
Encoded Photocaged Uaas
Potassium ions flow through the central pore of Kir2.1 channels
(Ishii et al., 1994; Kubo et al., 1993). We reasoned that incorpo-
ration of a Uaa with a bulky side chain might occlude the channel
pore and restrict current flow. Photolysis of the Uaa would
enable release of the bulky side chain moiety and restore current
flow through the channel, thus creating a PIRK channel (Fig-
ure 1A). Ideally, a natural amino acid residue can be regenerated
from the Uaa after photolysis, minimizing potential perturbation
to protein structure and function. Cmn is a perfect Uaa for con-
structing a PIRK channel. The dimethoxynitrobenzyl group of
Cmn is readily hydrolyzed by UV light, releasing the cage group
and becoming Cys (Figure 1B; Figure S2A available online) (Rhee
et al., 2008). Compared to the conventional photocaging o-nitro-
benzyl group, the dimethoxynitrobenzyl group is bulkier and has
a higher quantum yield to facilitate photolysis. Previously, 4,5-di-
methoxy-2-nitrobenzyl serine was incorporated into the tran-
scription factor Pho4 in Saccharomyces cerevisiae to control
phosphorylation with light (Lemke et al., 2007). Based on the
similar structure and characteristics between serine and
cysteine, we hypothesized that the orthogonal tRNALeuCUA /synthe-
tase pair evolved in yeast to incorporate 4,5-dimethoxy-2-nitro-
benzyl serine might also selectively incorporate Cmn. Indeed,
Cmn was efficiently incorporated into proteins in mammalian
cells by this pair, which we refer to as tRNALeuCUA /CmnRS for
clarity. Cmnwas chosen for incorporation becausemultiple sites
of Kir2.1 are found permissive for Cys mutation, and the sulfhy-Neuron 80, 358–370,dryl group of Cys also provides a chemi-
cally reactive functionality for possible
secondary modifications if required.To achieve photoactivation of Kir2.1 using Cmn, we consid-
ered the following criteria for identifying a target site for incorpo-
ration into the channel protein: (1) the site should reside in the
channel pore where the side chain of Cmn would face the pore
lumen and be easily removed following photocleavage; (2) the
pore should be large enough to accommodate four Cmn mole-
cules in a Kir2.1 tetramer without disrupting protein folding but
become small enough after Cmn incorporation to efficiently
inhibit ion current flow; and (3) a site where a Cysmutation would
not likely interfere with Kir2.1 function.
Using published data on Kir2.1 pore topology and function
(Kubo et al., 1993; Lu et al., 1999a; Minor et al., 1999; Tao
et al., 2009) and the crystal structure of chicken Kir2.2 (Tao
et al., 2009), we identified 15 amino acids in the pore of rat
Kir2.1 (which has 76% sequence homology with chicken
Kir2.2) with side chains that face the pore lumen (K117, V118,
A131, T142, I143, C149, V150, D152, S165, C169, D172, I176,
M180, A184, and E224). Previous studies indicated that Cys
substitution at T142, I143, D172, I176, A184, or E224 did not
interfere with Kir2.1 function (Dart et al., 1998; Kubo et al.,
1998; Lu et al., 1999a, 1999b; Minor et al., 1999; Xiao et al.,
2003). Therefore, these six amino acids plus C149 and C169
were selected for Cmn incorporation (Figure 2A; Figures S1A
and S1B).
The codon for these candidate sites was first mutated to the
amber stop codon TAG to generate eight different mutant
Kir2.1 (Kir2.1TAG) genes. The Kir2.1TAG cDNA was individually
coexpressed with the orthogonal tRNALeuCUA/CmnRS pair in hu-
man embryonic kidney 293T (HEK293T) cells. On exogenous
addition of the Uaa Cmn to growth media, the CmnRS aminoa-
cylates Cmn on to the tRNALeuCUA, which, in turn, recognizes the
amber stop codon (UAG) in Kir2.1 mRNA and incorporates
Cmn into Kir2.1 protein during translation (Wang et al., 2001;
Wang and Schultz, 2004).
Each candidate site was initially tested whether it was permis-
sive for UAG suppression by the orthogonal tRNALeuCUA/leucyl-
tRNA synthetase (LeuRS) pair, which incorporates the naturalOctober 16, 2013 ª2013 Elsevier Inc. 359
Figure 2. Identification of a Critical Site in Kir2.1 for Cmn Incorporation that Enables Photoactivation
(A) Side view of the crystal structure of chicken Kir2.2 channel (Protein Data Bank ID: 3JYC) showing positions of candidate sites for incorporating Cmn. Two of
four subunits are shown for clarity. Eight residues that potentially contribute to ion permeation are highlighted: T142 (red), I143 (orange), C149 (yellow), C169
(green), D172 (light blue), I176 (navy), A184 (purple), and E224 (black). Molecular drawings were prepared using UCSF Chimera 1.6.2.
(B) Design of expression plasmids for Uaa mutagenesis. A plasmid for Leu incorporation, the amber suppressing orthogonal tRNALeuCUA driven by the H1 promoter
and the aminoacyl-tRNA synthetase LeuRS driven by the mPGK promoter. A plasmid for Cmn incorporation, tRNALeuCUA driven by the H1 promoter and the
aminoacyl-tRNA synthetaseCmnRS driven by themPGK promoter. A plasmid encoding Kir2.1with the amber stop codon TAG and driven by the CMV promoter.
A plasmid for the GFP reporter gene (GFP_Y182TAG) driven by the CMV promoter.
(C) The current-voltage (I-V) plot of currents recorded from HEK293T cells expressing wild-type Kir2.1 (WT; black), expressing Kir2.1_C169TAGLeu with
tRNALeuCUA /LeuRS (C169TAGLeu; green), or untransfected (HEK; gray).
(D) Mean Ba2+-sensitive currents (IKir) for eight amber stop codon (TAG)mutations. Four sites in Kir2.1 were permissive for UAG suppressionwith Leu (I143, C149,
C169, and I176). Ba2+-sensitive currents at 100 mV (mean ± SEM) were as follows: WT Kir2.1 (5.92 ± 1.95 nA, n = 4), untransfected HEK293T cells (0.05 ±
0.02 nA, n = 9), T142TAGLeu (0.03 ± 0.02 nA, n = 5), I143TAGLeu (1.62 ± 0.30 nA, n = 5), C149TAGLeu (0.92 ± 0.20 nA, n = 6), C169TAGLeu (1.03 ± 0.29 nA,
n = 5), D172TAGLeu (0.10 ± 0.05 nA, n = 5), I176TAGLeu (2.46 ± 0.47 nA, n = 4), A184TAGLeu (0.05 ± 0.04 nA, n = 4), and E224TAGLeu (0.04 ± 0.04 nA, n = 4).
**p < 0.01 and ***p < 0.001, one-way ANOVA. WT Kir2.1 was excluded from statistical analysis.
(E–G) Examples of I-V plots for three different Kir2.1 channels with Cmn incorporation before (black) and after (blue) UV illumination (385 nm, 40 mW/cm2, 1 s).
Cmn was incorporated at the indicated sites by the orthogonal tRNALeuCUA /CmnRS.
(H) Ba2+-sensitive current (IKir) measured at100mV before (open column) and after (filled column) light exposure from HEK293T cells expressing different Kir2.1
channels with Cmn incorporation. One second of 385 nm light pulse at 40mW/cm2was applied. Only incorporation of Cmn at the C169 site led to a channel where
light exposure increased the current above background levels. Mean Ba2+-sensitive currents ± SEM were as follows: I143TAGCmn (before: 0.03 ± 0.01 nA;
after:0.07 ± 0.07 nA, n = 4), C149TAGCmn (before:0.72 ± 0.21 nA; after:0.71 ± 0.21 nA, n = 3), C169TAGCmn (before:0.02 ± 0.02 nA; after:0.17 ± 0.05 nA,
n = 7), and I176TAGCmn (before: 0.14 ± 0.05 nA, after: 0.16 ± 0.11 nA, n = 8). **p < 0.01, paired t test.
See also Figure S1.
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In Vivo Expression of a Light-Activatable Channelamino acid leucine (Leu). Each Kir2.1TAG gene was transfected
into HEK293T cells along with the tRNALeuCUA/LeuRS (Figure 2B).
The gene for green fluorescent protein (GFP) engineered with
an amber stop codon at Tyr182 (GFP_Y182TAG) was cotrans-
fected (Wang et al., 2007). GFP fluorescence would indicate
the successful suppression of the UAG stop codon by the
orthogonal tRNA/synthetase. The function of individual Kir2.1TAG360 Neuron 80, 358–370, October 16, 2013 ª2013 Elsevier Inc.channels was then determined by whole-cell patch-clamp
recordings from GFP-positive cells. For example, a green-posi-
tive HEK293T cell transfected with Kir2.1_C169TAG and the
tRNALeuCUA/LeuRS produced a basally active inwardly rectifying
current that was inhibited by extracellular Ba2+ (IKir), similar to
wild-type Kir2.1 channels (Figure 2C). Of the eight candidate
sites, IKir currents measured at 100 mV from HEK293T cells
Neuron
In Vivo Expression of a Light-Activatable Channelexpressing Kir2.1_I143TAG, Kir2.1_C149TAG, Kir2.1_C169TAG, or
Kir2.1_I176TAGwere significantly larger than those from untrans-
fected cells (Figure 2D), indicating successful suppression and
incorporation of Leu.
If a functional Kir2.1 channel could be generated through Leu
incorporation at the TAG site, then it seemed likely that the same
site would be compatible for the larger Uaa Cmn. We therefore
tested Kir2.1_I143TAG, Kir2.1_C149TAG, Kir2.1_C169TAG, and
Kir2.1_I176TAG for functional incorporation of Cmn (Figures
2E–2H; Figure S1C). HEK293T cells were transfected with
cDNAs for the Kir2.1TAG channel, tRNA
Leu
CUA/CmnRS and the
GFP_Y182TAG reporter (Figure 2B), and incubated in Cmn
(1 mM) for 12–24 hr. Functional incorporation of Cmn was
expected to lead to either a basally active IKir or an IKir that is re-
vealed upon brief (1 s) light illumination (385 nm at 40 mW/cm2).
For HEK293T cells expressing Kir2.1_I143TAG or Kir2.1_I176TAG,
we could detect no IKir before or after light illumination, indicating
either no amber suppression or a nonfunctional channel after
Cmn incorporation (Figure 2E; Figure S1C). By contrast,
HEK293T cells expressing Kir2.1_C149TAG displayed a large
IKir that was unchanged by light illumination (Figure 2F), suggest-
ing that incorporation of Cmn at C149 did not significantly
occlude the pore. It is striking that HEK293T cells expressing
Kir2.1_C169TAG displayed little IKir at negative membrane poten-
tials that increased significantly upon light illumination (Figures
2G and 2H). These results suggested that incorporation of
Cmn at C169 largely occludes the channel pore and that the
blocking particle is released following brief light stimulation, indi-
cating the successful construction of a photoactivatable Kir2.1
channel.
Light-Dependent Activation of PIRK in HEK293T Cells
We next examined the light sensitivity features of
Kir2.1_C169TAGCmn (referred to as PIRK) channels expressed
in HEK293T cells. To enhance channel expression, we fused
the fluorescent protein mCitrine (mCit) to the C terminus of
Kir2.1_C169TAG (Figure 3A), which reduced the number of plas-
mids needed for transfection and allowed tracking the location of
PIRK channels. Fusion of GFP to the C terminus of Kir2.1 was
shown previously to not affect Kir2.1 channel physiology (Sekar
et al., 2007). Addition of Cmn to the bath resulted in fluorescently
labeled HEK293T cells (Figure 3B; Figure S2A) and the expres-
sion of full-length Kir2.1-GFP fusion protein (Figure S2B). A brief
(1 s) pulse of UV light (385 nm LED, 40 mW/cm2) led to activation
of an inwardly rectifying current that was blocked by Ba2+ (Fig-
ures 3C and 3D). The activation kinetics had fast and slow com-
ponents with time constants (t) of 298 ± 134 ms and 15.0 ± 4.3 s,
respectively (n = 7). Note that the amplitude of light-activated
current is larger than that in Figure 2H, indicating that PIRK
expression level increased with the two plasmid system. When
incorporated with Leu, Kir2.1_C169TAGLeu channels showed
large IKir (8.30 ± 1.48 nA, n = 7), which was not affected by light
illumination (data not shown). On the other hand, HEK293T cells
expressing PIRK (Kir2.1_C169TAGCmn) channels produced no or
negligible IKir before UV light (0.14 ± 0.07 nA, n = 10 versus 0.05 ±
0.02 nA, n = 9 for untransfected; p > 0.05, unpaired t test)
and a marked increase in IKir after UV light (1.65 ± 0.41 nA,
n = 10) (Figure 3E). The smaller IKir for PIRK compared toKir2.1_C169TAGLeu was likely due to the less efficient aminoacy-
lation with CmnRS and, therefore, less Cmn incorporation.
To investigate the relationship between the light dosage and
current activation, we varied the duration and frequency of UV
light pulses. Single light pulses with different lengths were
applied to cells expressing PIRK channels. Using a 40 mW/
cm2 LED light source, 1 s and 500 ms light pulses evoked similar
amounts of current at 100 mV (2.27 ± 0.51 nA, n = 5 for 1 s;
2.04 ± 0.39 nA, n = 5 for 500 ms). Shorter UV pulses (200 ms,
100 ms, and 50 ms) led to progressively smaller currents (Fig-
ure 3F). No significant change in current amplitude was
measured with a single 20 ms light pulse (n = 6; data not shown).
We next investigated the effect of sequential UV light pulses.
Sequentially delivered light pulses of 200 ms duration each led
to stepwise activation of PIRK channels (Figure 3G). Fewer UV
pulses were required to maximally activate PIRK channels with
UV light pulses of longer duration (Figure 3H). Together, these re-
sults illustrate that modulating the duration and number of light
pulses can be used to fine-tune the extent of PIRK current
activation.
Light Activation of PIRK Suppresses Neuronal Firing
A significant obstacle in using Uaa technology has been the
implementation ofUaa in vertebrate neurons.We therefore inves-
tigated the expression of PIRK channels in primary cultures of
hippocampal neurons. Transfection of rat hippocampal primary
neurons with the cDNA for PIRK-mCit and tRNALeuCUA/CmnRS
(Figure 3A) led to fluorescence in cultures exposed to Cmn for
12–48 hr (Figure 4A), indicating the successful incorporation of
Cmn into PIRK channels. The expression of PIRK in neurons ap-
peared similar to the pattern of endogenous Kir2.1 channels (Fig-
ure S3).Moreover, PIRK expression did not appear to change the
basic membrane properties of the neurons (Figures S4A–S4C).
Whole-cell patch-clamp recordings from mCit-positive neurons
revealed no significant increase in basal inward current at nega-
tive potentials (0.21 ± 0.06 nA, n = 6 versus0.43 ± 0.09 nA, n =
6; p > 0.05, unpaired t test). However, UV light stimulation (1 s, 40
mW/cm2) induced a large inwardly rectifying current in PIRK
(+Cmn) cells (Figure 4B). By contrast, control neurons without
PIRK showed little or no response to UV light (Figures 4B and
4C; Figure S4D). In PIRK-expressing neurons incubated with
Cmn, UV light induced a mean inward current of 0.46 ±
0.18 nA (at 100 mV), consistent with unblock of constitutively
open Kir2.1 channels (Figure 4C, Supplemental Information).
We next examined the effect of PIRK activation on the excit-
ability of hippocampal neurons. Activation of an inwardly recti-
fying K+ current would be expected to significantly reduce
neuronal excitability by the outward flow of K+ current through
Kir channels (Burrone et al., 2002; Yu et al., 2004). In whole-
cell current-clamp recordings, a range of current injections
(range = 10–190 pA, mean ± SEM, 45 ± 4 pA, n = 56) were
used to induce continuous firing of action potentials (5–15 Hz)
in both control neurons and PIRK-expressing neurons (Figures
4D and 4E). The induced membrane potential was relatively
consistent from cell to cell (Figure 4G). In PIRK-expressing neu-
rons, action potential firing stopped abruptly upon brief UV light
stimulation (1 s, 40 mW/cm2). Of note, addition of Ba2+ to the
bath restored action potential firing (Figure 4D), confirming thatNeuron 80, 358–370, October 16, 2013 ª2013 Elsevier Inc. 361
Figure 3. Light-Dependent Activation of PIRK (Kir2.1_C169TAGCmn) Expressed in HEK293T Cells
(A) Plasmids for PIRK expression and detection in HEK293T cells and hippocampal neurons. One plasmid encodedKir2.1_C169TAGwith C-terminal fusion ofmCit
for fluorescent detection of PIRK expression, and the other plasmid encoded the tRNALeuCUA and CmnRS.
(B) Localization of PIRK channels at cell membrane. Images show PIRK-mCit expression in HEK293T cells transfected with two plasmids in (A) in the absence or
presence of Cmn (1 mM) in the growth media. Differential interference contrast (DIC) and fluorescence images are shown. Note green fluorescence in +Cmn,
indicating incorporation of Cmn into Kir2.1.
(C) Continuous current recording at100 mV from HEK293T cells expressing PIRK. One second pulse of light (385 nm, 40 mW/cm2) activated an inward current
that was inhibited by extracellular BaCl2 (1 mM).
(D) Photoactivated PIRK currents. The I-V plot shows the currents recorded from HEK293T cells expressing Kir2.1_C169TAGLeu (black) and PIRK before (gray)
and after (blue) light activation (385 nm, 40 mW/cm2, 1 s).
(E) Ba2+-sensitive current (IKir; mean ± SEM) measured from HEK293T cells expressing Kir2.1_C169TAGLeu (8.30 ± 1.48 nA, n = 7), PIRK before light activation
(0.14 ± 0.07 nA, n = 10), and PIRK after light activation (1.65 ± 0.41 nA, n = 10). *p < 0.05, paired t test.
(F) PIRK activation was dependent on duration of light exposure. Ba2+-sensitive photoactivated current was measured at 100 mV from HEK293T cells ex-
pressing PIRK after the indicated duration of light exposure (385 nm, 40 mW/cm2). Mean currents ± SEM were as follows: 1,000 ms (2.27 ± 0.51 nA, n = 5),
500 ms (2.04 ± 0.39 nA, n = 5), 200 ms (0.79 ± 0.22 nA, n = 8), 100 ms (0.65 ± 0.18 nA, n = 8), and 50 ms (0.20 ± 0.12 nA, n = 6). **p < 0.01 and ***p < 0.001,
one-way ANOVA.
(G) Stepwise activation of PIRK following multiple light pulses. Representative current trace at100 mV shows effect of three light pulses (200 ms each, 385 nm,
40 mW/cm2) applied sequentially. Extracellular BaCl2 (1 mM) inhibits light-activated current, confirming Kir2.1-specific current.
(H) Frequency dependence of light activation for PIRK channels. Mean Ba2+-sensitive current measured at 100 mV is plotted as a function of number of light
pulses (385 nm, 40 mW/cm2) of different durations: 1,000 ms (n = 5), 500 ms (n = 5), 200 ms (n = 8), 100 ms (n = 8), and 50 ms (n = 6). Error bars represent SEM.
See also Figure S2.
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In Vivo Expression of a Light-Activatable Channelthe observed suppression of activity was due to activation of
Kir2.1 channels. Neither light illumination nor Ba2+ addition
altered the excitability of control neurons (Figure 4E; Figures
S4E and S4F). In multiple recordings from different preparations
of hippocampal neuronal cultures, we consistently observed a362 Neuron 80, 358–370, October 16, 2013 ª2013 Elsevier Inc.significant decrease in firing frequency in PIRK-expressing neu-
rons (+Cmn) following UV light, which was restored to normal
levels of firing in the presence of extracellular Ba2+ (Figure 4F).
In control neurons, we observed no significant change in firing
frequency after light activation or Ba2+ addition (Figure 4F).
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before and after UV light stimulation showed a clear hyperpolar-
ization in PIRK-expressing (+Cmn) neurons following UV light
(Figure 4G; Figure S4H). Furthermore, subsequent extracellular
Ba2+ reproducibly depolarized the membrane potential. Taken
together, these experiments demonstrate that UV light activation
of PIRK channels provides a technique for spatially inhibiting
neuronal activity through membrane hyperpolarization.
To explore the dynamic range of PIRK’s effect on neuronal
firing, we measured the firing frequency from each neuron over
a range of current injections (0–70 pA). Cells that did not fire
throughout the current range were excluded. With small current
injections (<40 pA), the firing frequency decreased significantly
upon UV light activation of PIRK channels (Figure 5A). With larger
current injections (40–70 pA) and higher firing frequencies, how-
ever, there was no significant change in firing frequency
following UV light illumination of PIRK-expressing neurons.
This ceiling effect can be explained by the native properties of
strong inwardly rectifying Kir2.1 channels, which conduct little
outward current at positive membrane potentials (Ishii et al.,
1994; Kubo et al., 1993). Kir channels are well known for their
ability to hyperpolarize membranes and increase the threshold
for firing an action potential. To examine this, we measured the
minimum amount of current required to evoke an action potential
(referred to as rheobase). The rheobase increased in PIRK-ex-
pressing neurons following UV light exposure (Figure 5C). UV
light activation of PIRK also hyperpolarized the resting mem-
brane potential of PIRK-expressing neurons by 17 mV,
whereas UV light had no effect on the resting potential of control
neurons (Figure 5D; Figure S4G).
In Vivo Expression of PIRK in the Mouse Neocortex
Having successfully expressed PIRK channels in dissociated
hippocampal neurons, we next attempted to express PIRK
channels in vivo. Genetically encoding Uaas using orthogonal
tRNA/synthetase has great potential to address challenging
biological questions in vivo, but this technology has yet to be
applied in mammals. There were two main challenges for in vivo
incorporation of Uaas in mammals: (1) efficient delivery and
expression of the genes for the orthogonal tRNA/synthetase
and the target protein into specific tissue or cells; and (2) suffi-
cient bioavailability of the Uaa at the target tissue and cells.
We chose mouse embryos for genetically incorporating Uaas
into the brain because of the ability to introduce cDNA and
chemicals in utero and then to prepare brain slices pre- and
postnatally (Mulder et al., 2008; Saito, 2006; Tabata and Naka-
jima, 2001).
We started addressing the first challenge by attempting to
incorporate Leu, an endogenously available amino acid, into
GFP through UAG suppression in mouse embryonic brain. The
GFP_Y182TAG reporter gene was encoded on the same plasmid
with the orthogonal tRNALeuCUA (Figure 6A). Three copies of this
tRNA expression cassette driven by the H1 promoter were
included to increase the UAG suppression efficiency, as we pre-
viously demonstrated in mammalian cells (Coin et al., 2011). A
red fluorescent protein, mCherry, was coexpressed with the
orthogonal LeuRS through the internal ribosome entry site
(IRES) on the other plasmid to indicate successful gene deliveryin vivo. Genes were introduced in the mouse neocortex using in
utero electroporation, and 4 days later, the embryonic cortical
sections were prepared and fluorescently imaged to check
gene expression (Figure 6C). Electroporation of the LeuRS-
IRES-mCherry plasmid alone showed red fluorescence, indi-
cating that mCherry served as a good indicator for gene delivery
(Figure 6D, top row). Codelivery of the tRNALeuCUA -GFPTAG plasmid
with a separate plasmid encoding mCherry showed mCherry
fluorescence but no GFP fluorescence, demonstrating that there
was no background readthrough of the UAG stop codon in the
GFP mRNA (Figure 6D, middle row). On the other hand, GFP
fluorescence was now observed in the neocortices of mice elec-
troporated with tRNALeuCUA,GFPTAG, and LeuRS cDNA (Figure 6D,
bottom row). In addition, all green fluorescent cells had red fluo-
rescence, indicating that translation of full-length GFP required
both the tRNALeuCUA and the LeuRS to suppress the UAG codon.
Therefore, these results suggest the successful in vivo incorpo-
ration of Leu into GFP through UAG suppression.
Incorporation of a Uaa in vivo presented an additional chal-
lenge. For the convenience of detection, we initially tried to
incorporate Cmn into GFPTAG in the mouse brain using a heter-
ochronic approach. The tRNALeuCUA, CmnRS, and GFPTAG genes
(Figure 6A) were first electroporated in utero, and then after
2 days, we injected Uaa Cmn directly into the lateral ventricle
of the mouse brain (Figure 6C). Without injecting Cmn, no green
fluorescence was detected in the neocortical plates (Figure 6E,
top row). After injection of Cmn, weak green fluorescence could
be detected (data not shown). Previously, we discovered that
preparation of Uaa in the dipeptide form increases the efficiency
of Uaa incorporation in C. elegans, possibly because the dipep-
tide is transported into cells more efficiently than the single Uaa
via oligopeptide transporters PEPT1 and PEPT2 (Parrish et al.,
2012). Intracellular dipeptide would then be hydrolyzed by
cellular peptidases to generate the free Uaa for incorporation.
Since PEPT2 is highly expressed in rodent brain (Lu and Klaas-
sen, 2006), Cmn-alanine (Cmn-Ala) was adopted to improve
Cmn bioavailability. We thus synthesized the Cmn-Ala dipeptide
and injected it in the lateral ventricle of the mouse brain. Indeed,
with this adjustment, we could observe a dramatic improvement,
with strong green fluorescence in the neocortex (Figure 6E, bot-
tom row), indicating the successful incorporation of Cmn into
GFPTAG in vivo.
After overcoming both challenges, we proceeded to incorpo-
rate Cmn into Kir2.1_C169TAG to express PIRK channels directly
in the mouse brain. The Kir2.1_C169TAG gene was encoded with
the tRNALeuCUA in one plasmid, and another plasmid encoded the
CmnRS together with mCherry as a reporter for gene delivery
(Figure 6B). A third plasmid encoding GFP_Y182TAG was also
coelectroporated in utero. Detection of GFP fluorescence would
indicate the successful delivery of all three plasmids, since UAG
suppression in GFP would require both the tRNALeuCUA and the
CmnRS; Cmn incorporation in GFPTAG would suggest Cmn
incorporation in Kir2.1TAG as well, because both genes were pre-
sent in the same cell. As expected, only when all three gene con-
structs were present and Cmn-Ala was introduced to the brain,
green fluorescent cells were observed in the mouse neocortex
(Figure 6F). Cells with both red and green fluorescence should
have Cmn incorporated into Kir2.1TAG to make PIRK channels.Neuron 80, 358–370, October 16, 2013 ª2013 Elsevier Inc. 363
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neurons, we conducted whole-cell recordings on acute slices
prepared from the mouse neocortical plates. Indeed, the green
and red fluorescent neurons had no inward current at negative
holding potential, but a brief pulse of light rapidly activated the
inward current (Figure 6G). The current was completely blocked
by adding Ba2+, confirming that it was generated by PIRK. In
contrast, control neurons did not show any photoactivated in-
ward current (Figures S5C and S5D). Ikir measured from these
PIRK-expressing neurons in the mice neocortical slices was
significantly increased upon light activation (Figure 6H). The
light-dependent activation of PIRK channels further confirmed
the successful incorporation of Cmn into Kir2.1TAG in the mouse
brain. In short, these data demonstrate the successful expres-
sion of a functional PIRK in vivo.
To demonstrate the general utility of this technique for other
brain regions, we also performed in utero electroporation and in
utero injection of Uaas in embryonic diencephalon that included
thalamus and hypothalamus. The procedure was similar to that
described earlier for the neocortex, but it involved a hetero-
chronic procedure with an injection of the tRNALeuCUA-GFPTAG
plasmid and CmnRS-IRES-mCherry plasmid (Figure 6A) into
the third ventricle at embryonic day 13.5 (E13.5) accompanied
by electroporation, then later at E16.5 an injection of Cmn-Ala
into or near to the third ventricle. The embryos were harvested
at E17.5, and the brains were analyzed using imaging methods.
GFP expression is clearly evident, indicating Uaa incorporation
into GFPTAG (Figures S5E and S5F).
DISCUSSION
Genetically encoding Uaas with orthogonal tRNA/synthetase
was initially developed in E. coli and later extended to various
single cells and, recently, to invertebrates such as Caenorhabdi-
tis elegans (Liu and Schultz, 2010; Parrish et al., 2012; WangFigure 4. Light Activation of PIRK Suppresses Firing of Rat Hippocam
(A) DIC and fluorescence images of rat hippocampal neurons cultured in vitro and
Figure 3A) in the absence or presence of Cmn (1 mM) in the growth media. Note
(B) PIRK-expressing neurons showed photoactivated inward current. I-V plots p
pressing PIRK before (black) and after (blue) illumination (385 nm, 40 mW/cm2,
deflections likely reflect action potentials.
(C) Selective photoactivation of current in PIRK-expressing neurons. Currents (m
column) illumination (385 nm, 40mW/cm2, 1 s): control neurons (before,0.21 ± 0
0.09 nA; after, 0.89 ± 0.25 nA, n = 6). *p < 0.05, paired t test. Currents are not
(D) A single light pulse suppressed firing of a hippocampal neuron expressing P
Maximal firing was evoked by 20 pA current injection (I-step). Light exposure (385
neuronal firing. Firing was restored with extracellular 500 mM BaCl2, which selec
(E) Neither UV illumination alone nor BaCl2 (500 mM) altered excitability of contro
(F) Plot of action potential frequency of PIRK-expressing and control neurons befo
385 nm light pulse at 40mW/cm2 was applied for activation. Maximal firing was eli
for PIRK-expressing neurons were as follows: before UV, 7.4 ± 0.5 Hz, n = 28; afte
control neurons were as follows: before UV, 5.6 ± 0.6 Hz, n = 28; after UV, 4.9 ±
ANOVA.
(G) Light activation significantly hyperpolarized PIRK-expressing neurons. One se
potential was measured at the evoked state, as in (D), after current injection.
membrane potential before light activation for each cell (PIRK-expression neuron
potential measured under indicated conditions was plotted. Mean values ± SEM
1mV, n = 28; and after 500 mMBaCl2 addition,56 ± 2mV, n = 8) and for PIRK-ex
and after 500 mM BaCl2, 53 ± 3 mV, n = 7). ***p < 0.001, one-way ANOVA.
See also Figures S3 and S4.et al., 2001, 2009). For neuroscience research, Uaa incorporation
in primary neurons (Wang et al., 2007), neural stem cells (Shen
et al., 2011), and animals would permit the use of Uaas in directly
addressing neurobiological processes in the native environment.
Previously, Uaas have been incorporated into ion channels and
receptors expressed in Xenopus oocytes (Beene et al., 2003)
and mammalian cells in vitro (Wang et al., 2007). Although suffi-
cient for probing the structure and function of a single target
protein, heterologous expression systems are not suitable for
investigating neuronal signaling and circuits involving a cascade
of neuronal proteins or multiple cells. In this report, we describe
the methodology for manipulating a neuronal protein directly in
primary neurons using genetically encoded Uaas. Moreover,
we report the successful incorporation of Uaas into the brain of
mouse embryos, effectively expanding the genetic code of
mammals. To overcome the obstacles for Uaa incorporation
in vivo, we delivered the genes for the orthogonal tRNA/synthe-
tase into mouse neocortex and diencephalon by in utero electro-
poration and supplied the Uaa to the brain in the form of a
dipeptide through injection to the ventricles. The ability to genet-
ically incorporate Uaas into neuronal proteins in mammalian
brains provides a novel toolbox for innovative neuroscience
research.
The development of optically controlled channels and pumps
is a powerful method for analyzing the function of specific
neurons in neural circuits (Yizhar et al., 2011). However, the pho-
toresponsiveness of opsin, which depends on the retinal chro-
mophore and its modulation protein domain, cannot be simply
transplanted into other proteins without dramatically altering
the target protein. Therefore, this approach is not suitable for
optical control of proteins natively expressed in neurons. Alter-
natively, natively expressed channels and receptors can be
modified to be controlled by an optically switched ligand. For
example, a photoisomerizable azobenzene-coupled ligand can
be chemically attached to the glutamate receptor sGluR0 orpal Neurons
transfected with PIRK fused tomCit and tRNALeuCUA/CmnRS (plasmids shown in
green fluorescence in +Cmn, indicating incorporation of Cmn.
roduced with a voltage-ramp protocol for a control neuron and a neuron ex-
1 s). Note inwardly rectifying current negative to 70 mV. Rapid downward
ean ± SEM) were measured at 100 mV before (open column) and after (filled
.06 nA; after,0.19 ± 0.07 nA, n = 6); PIRK-expressing neurons (before,0.43 ±
leak-subtracted.
IRK. Representative voltage traces recorded continuously in current-clamp.
nm, 40 mW/cm2, 1 s; indicated with arrow) rapidly and completely suppressed
tively inhibits Kir2.1 channels.
l neurons. Maximal firing was evoked by 50 pA current injection (I-step).
re light, after light activation, and following application of Ba2+. One second of a
cited by a single current step (45 ± 4 pA, n = 56). Mean firing frequencies ± SEM
r UV, 0.4 ± 0.2 Hz, n = 28; and after Ba2+ addition, 7.9 ± 1.0 Hz, n = 7. Values for
0.6 Hz, n = 28; after Ba2+ addition, 7.4 ± 1.2 Hz, n = 11. ***p < 0.001, one-way
cond of 385 nm light pulse at 40mW/cm2was applied for activation. Membrane
Left: the membrane potential after light activation is plotted as a function of
s: filled circle, n = 28; control neurons: open circle, n = 28). Right: membrane
are given for control neurons (before UV, 57 ± 1 mV, n = 28; after UV, 56 ±
pressing neurons (before UV,54 ± 1mV, n = 28; after UV,84 ± 2 mV, n = 28;
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Figure 5. Dynamic Range of PIRK-Dependent Suppression of Neuronal Firing
(A) In PIRK-expressing hippocampal neurons, photoactivation of PIRK significantly decreased action potential firing frequency, dependent on current injection
amplitude. Representative voltage traces in response to three step-current injections (10 [light gray], 30 [dark gray], and 50 [black] pA) before (left) and after (right)
light exposure (385 nm, 40 mW/cm2, 1 s). Graph shows mean action potential frequency plotted as a function of current injection amplitude (n = 13). **p < 0.01,
paired t test. Error bars represent SEM.
(B) In control neurons, light exposure had no effect on action potential frequency. Representative voltage traces in response to three step-current injections
(10 [light gray], 30 [dark gray], and 50 [black] pA) before (left) and after (right) light exposure (385 nm, 40 mW/cm2, 1 s). Graph shows mean action potential
frequency plotted as a function of current injection amplitude (n = 12). Error bars represent SEM.
(C) Rheobase, the minimum current required to fire an action potential, significantly increased in PIRK-expressing neurons upon light activation (385 nm,
40 mW/cm2, 1 s). Mean rheobase values (mean ± SEM) are given for control neurons (before UV, 31 ± 5 pA; after UV, 28 ± 6 pA; n = 12) and for PIRK-expressing
neurons (before UV, 24 ± 3 pA; after UV, 35 ± 4 pA; n = 13). *p < 0.05, paired t test.
(D) Resting membrane potential of PIRK-expressing neurons shifted to negative potentials upon light activation (385 nm, 40 mW/cm2, 1 s). Left: the resting
potential after light activation is plotted as a function of the resting potential before light activation for each cell (PIRK-expressing neurons: solid circle, n = 19;
control neurons: open circle, n = 19). Right: bar graph shows light-induced shift in resting potential. Specific values (mean ± SEM) of DmVwere as follows: control
neurons, 1 ± 1 mV, n = 19; PIRK-expressing neurons, 17 ± 3 mV, n = 19. ***p < 0.001, unpaired t test.
See also Figure S4.
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In Vivo Expression of a Light-Activatable Channelthe potassium channel TREK1 for light gating (Janovjak et al.,
2010; Sandoz et al., 2012). A limitation with this technique, how-
ever, is that application of the chemical photoswitch has been
described for labeling extracellular regions of the target protein,
suggesting that intracellular proteins may be less amenable to
this labeling method. In contrast, genetically encoding photo-
reactive Uaas should provide a general methodology for manip-
ulating neuronal proteins, both cytoplasmic and membrane
proteins, with light in neurons. Since genetic incorporation of
Uaas using orthogonal tRNA/synthetase pairs imposes no re-
strictions on target protein type, cellular location, or the site for
Uaa incorporation (Wang and Schultz, 2004), with methods366 Neuron 80, 358–370, October 16, 2013 ª2013 Elsevier Inc.reported herein, we expect that various proteins expressed in
neurons can be generally engineered with photoreactive Uaas
at an appropriate site to enable optical control. Moreover, a fam-
ily of photoreactive Uaas exist (Beene et al., 2003; Liu and
Schultz, 2010) that can be fine-tuned for a particular active site
in the protein. This flexibility should significantly expand the
scope of proteins and neuronal processes subject to light
regulation.
Photoactivation of PIRK channels expressed in hippocampal
neurons led to constitutive activation of Kir2 channels that pro-
duced a sustained suppression of neuronal firing. There are
unique features of PIRK that may complement existing methods
Neuron
In Vivo Expression of a Light-Activatable Channelfor neuronal silencing. Archaeorhodopsin-3 (Arch) and halorho-
dopsin (NpHR) are members of the opsin family used to silence
neuronal activity (Chow et al., 2010; Zhang et al., 2007). Illumina-
tion of Arch, a proton pump, for an extended period of time could
result in intra- and extracellular pH disturbance, which could
negatively impact on cell health (Han, 2012; Okazaki et al.,
2012). Activation of the chloride pump NpHR leads to accumula-
tion of intracellular chloride ions and can compromise GABAA-
receptor-mediated inhibition (Raimondo et al., 2012). In addition,
continuous activation of Arch or NpHR is limited by its inactiva-
tion and potential photo damage, which is not ideal for studies,
such as those researching epilepsy, in which it is important to
maintain membrane hyperpolarization for a long period of time
(Kokaia et al., 2013). In contrast, PIRK is based on Kir2.1, an in-
ward rectifying potassium channel whose native function is to
regulate neuronal excitability (Bichet et al., 2003; Hibino et al.,
2010; Nichols and Lopatin, 1997). Through a small amount of
outward K+ current, Kir2.1 can directly silence the electrical
activity of neurons. In fact, ectopic expression of Kir channels
has been used previously over the last decade to investigate
the effect of neuronal excitability on circuit function (Burrone
et al., 2002; Johns et al., 1999; Nadeau et al., 2000; Yu et al.,
2004). By endowing Kir2.1 with photoresponsiveness in PIRK,
we have provided the ability to temporally control through light
precision the activation of Kir2 channels. Another advantage of
PIRK is that it functions like a binary switch, whereby a single
light pulse can induce the lasting silencing effect on target neu-
rons. Without the need to continuously deliver light through the
optical fiber, this binary switch feature of PIRK is convenient
for animal studies to mitigate potential interference of light or
light devices on animal behavior and could, therefore, be useful
for studying or treating intractable epilepsy, intractable pain, or
muscle spasms. Moreover, PIRK channels may be utilized for
studying a variety of physiological processes and diseases that
directly involve Kir2.1 channels. For example, Kir2.1 function
has been implicated in Andersen syndrome (Plaster et al.,
2001), cardiac short QT syndrome (Priori et al., 2005), and osteo-
blastogenesis (Zaddam et al., 2012).
PIRK is designed with a photoreleasable pore-blocking group.
This ‘‘block-and-release’’ strategy may be generally applicable
to other channels and receptors. For instance, G protein-gated
Kir channels (Kir3 family), a-amino-3-hydroxy-5-methyl-4-isoxa-
zolepropionic acid receptors, and N-Methyl-D-aspartic acid
receptors share similar pore topology with Kir2.1. By incorpo-
rating Cmn into pore residues in these proteins, one should be
able to similarly install in light responsiveness to them for highly
disciplined study of channel/receptor physiology. On a broader
perspective, it is also possible to expand the Uaa-based optical
control to the function of other proteins beyond ion channels and
receptors. Multiple amino acids such as tyrosine, serine, lysine,
glutamate, aspartate, and glycine have been cagedwith different
photoreleasable groups (Beene et al., 2003), and some of them
can be genetically encoded in E. coli, yeast, and mammalian
cells (Liu and Schultz, 2010; Wang et al., 2009). Using methods
described in this report, these amino acids can be similarly pho-
tocaged for optical control of various protein functions in neu-
rons. For instance, by photocaging appropriate amino acids, it
should be possible to block and release protein-protein interac-tion, protein-nucleic acid interaction, access of an active site, or
access of posttranslational modification sites in neurons. In
addition, in vivo Uaa incorporation, as demonstrated in the em-
bryonicmouse neocortex and diencephalon here, has the poten-
tial to be extended to other regions of the brain, adult animals,
and more mammals. Genetic knockin or viral delivery (Shen
et al., 2011) can be used to express the orthogonal tRNA/synthe-
tase and target protein in transgenic and adult animals, respec-
tively. Some Uaas may be bioavailable through food or water
feeding; others can be prepared in the dipeptide format shown
here and injected directly into the brain ventricles. Moreover, op-
tical control via Uaa can be made compatible with two-photon
activation. Protecting groups efficient for two-photon photolysis
have been developed for caging amino acids (Matsuzaki et al.,
2001). In the future, it may be possible to genetically incorporate
azobenzene-containing Uaas into neurons for reversible optical
control (Bose et al., 2006). In summary, the methodology pre-
sented here serves as a solid basis for optically controlling a
variety of neuronal proteins in studies of neurobiological pro-
cesses in the brain.EXPERIMENTAL PROCEDURES
Electrophysiology and Light Activation in Culture
A whole-cell patch clamp was used to record macroscopic currents with an
Axopatch 200B (Molecular Devices, Axon Instruments) amplifier. Currents
were adjusted electronically for cell capacitance and series resistance
(80%–100%), filtered at 1 kHz with an eight-pole Bessel filter and digitized
at 5 kHz with a Digidata 1200 interface (Molecular Devices). For voltage-clamp
recordings, currents were elicited with a voltage ramp from100 mV to 50 mV
delivered at 0.5 Hz. For some recordings, cells were held at 100 mV contin-
uously. For current-clamp recordings, the resting potential was first adjusted
to around 72 mV by injecting small current. Afterward, a step current was in-
jected to induce continuous firing (5–15 Hz) of action potentials. For Cmn
photolysis, an LEDwith an emission of 385 nm (40mW; Prizmatix) was exter-
nally installed at the microscope to deliver light to the cell from 1 cm away at a
45 angle. Light power at the sample measured 40 mW/cm2. Light pulse was
signaled from the amplifier through the digitizer. Data are expressed asmean ±
SEM, and statistical significances (p < 0.05) were determined by one-way
ANOVA with a Newman-Keuls test or Student’s t test. All measurements
were made at room temperature.
In Utero Electroporation and In Utero Injection of Uaas
Introduction of plasmid DNA into the neuroepithelial cells of mouse embryonic
neocortex in utero was performed as described elsewhere (Tabata and Naka-
jima, 2001), with minor modifications. In brief, the uterine horns were exposed
at E14.5, and 1 ml DNA solution (0.2–5 mg/ml of each plasmid, depending on
the construct) was injected into the lateral ventricle of each littermate. Embryos
were then electroporated with an electroporator CUY21EDIT (BEX, 0.5 cm
puddle type electrode, 33–35 V, 50 ms duration, four to eight pulses). After
electroporation, the uterine horns were returned to the abdominal cavity to
allow the embryos to continue development. For Leu incorporation (Figure 6D),
the embryos were harvested 4 days after electroporation, and the brains were
then subjected to the imaging analysis. For Cmn incorporation (Figures 6E–
6H), the uterine horns were exposed again at E16.5, and Cmn (500 mM,
2–5 ml) was injected to the electroporated side or both sides of the lateral
ventricle. The uterine horns were placed back into the abdominal cavity again.
Twelve to forty-eight hours after Cmn injection, the embryos were harvested,
and the brains were then subjected to the imaging analysis or electrophysi-
ology as described later. For imaging analysis, the brains were fixed with
4% paraformaldehyde in PBS at 4C for 2–4 hr. After equilibration with 30%
(w/v) sucrose in PBS, the fixed brains were embedded in optimal cutting tem-
perature compound (Sakura) and frozen. Coronal sections (10 mm thick) wereNeuron 80, 358–370, October 16, 2013 ª2013 Elsevier Inc. 367
Figure 6. In Vivo Expression of PIRK Channels in the Mouse Neocortex
(A) Validation plasmid set: one plasmid for LeuRS or for CmnRS, under the control of CAG promoter and coexpressed with mCherry via IRES sequence; one
plasmid encoding GFP_Y182TAG under the control of the CAG promoter. Three copies of tRNA
Leu
CUA driven by the H1 promoter were combined with the
GFP_Y182TAG to increase incorporation efficiency. Green fluorescence indicates suppression of amber codon by Leu or Cmn. Red fluorescence indicates
successful gene delivery of synthetase in vivo.
(B) PIRK expression plasmid set: one plasmid forCmnRS, under the control of CAG promoter and coexpressed withmCherry via IRES sequence; one plasmid for
Kir2.1_C169TAG coupled with three copies of tRNA
Leu
CUA; one plasmid for GFP_Y182TAG. Green and red fluorescence indicates successful expression of all three
plasmids and Cmn incorporation.
(C) Cartoon shows experimental procedure for PIRK expression in vivo. Gene constructs in (B) were injected into themouse neocortex (E14.5) and electroporated
in utero. Two days later, Cmn was injected to the brain. Slice imaging and electrophysiological assay were performed on E17.5–E18.5.
(D) Fluorescence images of mice embryonic cortical plates showing the successful incorporation of Leu into GFPTAG in vivo. Top: CAG-LeuRS-IRES-mCherry
only. Middle: 3x(H1tRNALeuCUA)-CAG-GFPTAG, with CAG-mCherry as an injection marker. Bottom: CAG-LeuRS-IRES-mCherry and 3x(H1tRNA
Leu
CUA)-CAG-GFPTAG.
Fluorescence of mCherry and GFP was imaged in separate channels, shown with DAPI staining of DNA, and merged in the right column. GFP fluorescence was
detected only when the tRNALeuCUA, LeuRS, and GFP_Y182TAG were all present. Leu is present in vivo all the time.
(E) Fluorescence images of mice embryonic cortical plates showing the successful incorporation of Cmn into GFPTAG in vivo. CAG-CmnRS-IRES-mCherry
and 3x(H1tRNALeuCUA)-CAG-GFPTAG were electroporated in utero in both rows. The Uaa Cmn (in the form of Cmn-Ala dipeptide) was injected in utero as shown
in the bottom row but not in the top row. GFP fluorescence was detected in neurons only when the tRNALeuCUA, CmnRS, GFP_Y182TAG, and Cmn were all
present.
(F) Fluorescence images of mice embryonic cortical neurons showing the incorporation of Cmn into GFPTAG and Kir2.1TAG in vivo. The three gene constructs in (B)
were electroporated in utero. GFP fluorescence was detected only with Cmn injection (bottom), indicating Cmn incorporation in GFPTAG and likely Cmn
incorporation in the Kir2.1TAG.
(G) I-V plot of currents recorded from mice neocortical neurons showing light-dependent activation of PIRK. Two days after gene constructs in (B) were elec-
troporated, Cmnwas injected in utero; 12-48 hr after Cmn injection, neocortical acute slices were prepared from the embryos, as in (C). PIRK-expressing neurons
(legend continued on next page)
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In Vivo Expression of a Light-Activatable Channelprepared by cutting the frozen brains with a cryostat CM3050S (Leica), and the
fluorescence of GFP and mCherry was detected using microscopies. DAPI
(Sigma) was used to counterstain nuclei.
Electrophysiology and Light Activation in Acute Slices
After in utero electroporation and Cmn delivery, E17.5–E18.5 mice embryos
were harvested, and sagittal slices (200 mm) from their neocortices were pre-
pared in ice-cold artificial cerebral spinal fluid (ACSF) (119 mM NaCl, 2.5 mM
KCl, 1.3 mM MgCl2, 2.5 mM CaCl2, 1 mM NaH2PO4, 26.2 mM NaHCO3, and
11 mM glucose, pH 7.3) continuously bubbled with 95%/5% O2/CO2. Vibra-
tome slices were warmed to 33C and incubated for 42 min in ACSF supple-
mented with 3 mM myo-inositol, 0.4 mM ascorbic acid, and 2 mM sodium
pyruvate and then transferred to the recording chamber superfused with
ACSF (2 ml/min).
Neurons were visualized with a Hamamatsu digital camera (Model C8484)
on an Olympusmicroscope (BX51WI), and whole-cell patch-clamp recordings
(Axopatch 200B) were made from neurons in the neocortex. PIRK-expressing
neurons were identified by GFP and mCherry fluorescence. The internal solu-
tion contained 130 mM potassium gluconate, 4 mM MgCl2, 5 mM HEPES,
1.1 mM EGTA, 3.4 mM Na2ATP, 10 mM sodium creatine phosphate, and
0.1 mM Na3GTP at pH 7.3 with KOH. BaCl2 (0.5 mM) was diluted into ACSF
and applied directly on to the slice. Currents were elicited with a voltage
ramp protocol from100mV to 50mV. For Cmn photolysis, an LEDwith emis-
sion of 385 nm (R190 mW; Prizmatix) was installed at the microscope to
deliver light through the objective. Light power that reached the samples
was measured to be 8 mW/cm2. Electrophysiological chemicals were pur-
chased from Sigma-Aldrich or Tocris Bioscience. Data are expressed as
mean ± SEM, and statistical significances (p < 0.05) were determined by
Student’s t test. All measurements were made at 33C.
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